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Abstract  
The objective of this research thesis is to test the viability of Tin (Sn) ring electrodes as an 
inexpensive alternative to sintered Silver-Silver Chloride (Ag|AgCl) ring electrodes for High 
Definition – transcranial Direct Current Stimulation (HD-tDCS). Throughout our initial bench top 
testing of tin electrodes in combination with a ‘conductive electrode gel’, the passing of a 2mA 
direct current on agar block showed the formation of white cloud around the anode electrode and 
a cluster of air bubbles on the cathode. The analysis of pertinent literature indicates that the white 
milky substance produced during the stimulation at the anode is tin oxide/tin dioxide (SnO/SnO2).   
Afterwards, skin tolerability and subject sensation, along with the electrode potential, were 
assessed by stimulating forearms of seven subjects. A direct current of 1mA was administered for 
20 minutes with application at the same location for five consecutive days of stimulation using the 
above mentioned Tin ring electrodes. From our initial pilot studies, visible signs of skin 
inflammation were generated from repeated stimulation on the same location from HD-tDCS in 
just two days. Therefore, we investigated the effect of topically applied ‘anti-inflammatory cream’ 
which resulted in minimal skin irritation after five consecutive days of stimulation.   
We optimized and developed guidelines on safety issues of HD-tDCS technique for the 
use of Tin ring electrodes for repeated sessions. This includes the thorough design of the plastic 
Tin ring electrode holder by maximizing the current density and the implementation of skin safety 
protocols by pretreating the skin before and after stimulation.  
 
 
Key words:  tin, consecutive, HD-tDCS, skin safety, ‘conductive electrode gel’, anode, cathode, 
electrode, pain, cream, ring electrodes, silver-silver chloride, ‘anti-inflammatory cream’ 
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1. INTRODUCTION   
Tin 
Tin is thought to be an essential element for some living things and this may also be true 
for humans. Tin, a naturally occurring element, is a soft, silvery metal that is insoluble in water. It 
is present in rocks where they are mined as well as in the air, water and soil. Tin is found mainly 
in the ore cassiterite, which is found in Brazil, China, Peru, Indonesia, Thailand and Nigeria. 
Therefore, tin metal is used to line cans for food, beverages, and aerosols. The concentrations in 
foods such as vegetables, fruits, fruit juices, nuts, dairy products, meat, fish, poultry, eggs, 
beverages, and other foods not packaged in metal cans are generally less 
[4]
. Seawater, river water 
and mussels all contain varying levels of tin 
[4]
. Additionally, tin is a prominent component of 
many alloys such as aluminum solder, babbitt, bell metal, brass, bronze, pewter and solder 
[8]
. Tin 
can combine with other chemicals to form various compounds both inorganic and organic. 
Inorganic tin compounds do not contain a tin-carbon bond, whereas organic tin compounds 
contain at least one tin-carbon bond 
[16]
. Examples of inorganic tin compounds are those where tin 
is combined with chlorine, sulfur, or oxygen. These inorganic tin compounds are existent in the 
earth’s crust and are present in toothpaste (stannous fluoride), perfumes (stannous chloride), glass 
coating (stannic oxide), soaps, coloring agents (stannous chloride), food additives and dyes 
(stannic chloride).  They usually enter and leave your body rapidly after you breathe or ingest 
them. Thus, they do not usually have harmful effects 
[4]
. Organic tin compounds, also known as 
organotin compounds, are used in making plastics, food packages, plastic pipes, pesticides, paint, 
wood preservatives and rodent repellents.  One may be exposed to organic tin compounds by 
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consuming seafood from coastal waters or from contact with household products that contain 
organotin compounds (i.e. silicon-coated baking parchment paper) 
[4]
.  
The goal of this study was to test the feasibility of tin (Sn) electrodes as a low-cost 
alternative to Silver-Silver chloride (Ag|AgCl) electrodes for electrotherapy applications. The 
electrotherapy application considered is High Definition – transcranial Direct Current Stimulation 
(HD-tDCS). HD-tDCS is an emerging field within the already rapidly growing field of 
transcranial Direct Current Stimulation (tDCS) that is used as an effective treatment tool in 
neurology and psychiatry. tDCS is a non-invasive process that involves passage of a constant 
direct current (< 2mA) through the brain to alter neuronal excitability that may outlast the period 
of stimulation 
[11]
. The HD-tDCS technique is used to increase the focality of tDCS by passing 
current across the scalp using small electrodes (<12 mm diameter) 
[20]
.  
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2. REVIEW OF RELEVANT LITERATURE 
Risk of Exposure 
Tin can be regarded as safe and presents no hazard of poisoning even when in contact with 
food. According to current scientific writings, there is no evidence that inorganic tin compounds 
affect reproductive functions, produced birth defects, or cause genetic changes
 [16]
. Also, these 
compounds are not known to cause cancer. However, various organotin compounds have been 
shown to cause harmful effects in humans while other organic tin compounds exhibit very low 
toxicity. One study found that rats whose mothers were exposed to tributyltin during pregnancy, 
showed altered performance in some neurological tests conducted when they were young adults. 
No methods have been identified that can be used to directly associate levels of tin and specific tin 
compounds in biological samples with the onset of adverse health effects 
[16]
.   
Federal Government Regulations 
The EPA, the Occupational Safety and Health Administration (OSHA), and the Food and 
Drug Administration (FDA) have developed regulations for tin and tin compounds. The Agency 
for Toxic Substances and Disease Registry (ATSDR) and the National Institute for Occupational 
Safety and Health (NIOSH) are two federal organizations that develop recommendations for tin 
and tin compounds.  The EPA has limited the use of certain organotin compounds in paints. 
OSHA has established workplace exposure limits of 0.1 milligrams per cubic meter of air (mg/m³) 
for organotin compounds and 2 mg/m³ for inorganic tin compounds, excluding oxides. NIOSH 
recommends workplace exposure limits of 2 mg/m³ for inorganic tin compounds, except for tin 
oxides, and 0.1 mg/m³ for organotins, not including tricyclohexyltin hydroxide. NIOSH states that 
a concentration of tricyclohexyltin hydroxide of 25 mg/m³ should be considered as immediately 
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dangerous to life or health. The FDA regulates the use of some organic tin compounds in coatings 
and plastic food packaging. It also has set limits for the use of tin, as stannous chloride, as an 
additive for food. (Refer to Appendix C to review specific information regarding Tin and its 
compounds)  
Sample Size Determination Based on Rank Wilcoxon Signed-Rank Tests & Paired t-Test 
In clinical research, sample size calculation and justification plays an important role in the 
validity and success of a clinical trial
 [34]
. Our objective is to estimate the minimum sample size 
needed for achieving a desired power of 85% at a given level of significance of 5%. To conduct a 
good clinical practice, it is suggested that sample size calculation and justification should be 
included in the study protocol before the conduct of a clinical trial
 [35]
.  
Analysis of Pertinent Studies 
 Various studies have been performed that display the behavior of tin under a series of test 
conditions. Tin exists in two oxidation states: +4 and +2
[1]
.  Based on the results gathered from 
these studies, new experiments were designed and carried out that led us to the conclusion that tin 
is a safe material to use in non-invasive brain simulation, following correct protocols established 
during this study.  
Oxidation States of Tin:  Sn = Sn
2+
 + 2e
- 
& Sn2
+
 = Sn
4+
 + 4e
- 
Potentiodynamic Studies 
Potentiodynamic polarization technique is a practical and useful way of understanding 
behavior of elements in a given solution
[27]
.The measurements obtained are valuable in rapidly 
identifying desirable materials-environment combinations in predicting how a material will 
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behave when exposed to a particular environment
[8]
. Potentiodynamic measurements were carried 
out in a standard electrochemical cell. The electrochemical and chemical reaction proposed in the 
literature for tin in acidic media involves the oxide and hydroxide formation by direct oxidation 
[9]
.   
Hydroxide and oxide formation by direct oxidation: 
Sn + H2O  SnO + 2H
+ 
+ 2e
- 
Or 
Sn + 2H2O  SnO2 + 4H
+ 
+ 4e
- 
to hydroxides formation:   
Sn(OH)2 + 2H2O  Sn(OH)4 + 2H
+ 
+ 2e
- 
Then the dehydration of the hydroxides (giving up the water molecule) to form a stable film:  
Sn(OH)2 + SnO + H2O 
Or 
Sn(OH)4 + SnO2 + 2H2O 
Additionally, in near acidic media, the anodic process of tin metal exhibits an active/passive 
transition where the Sn species undergo subsequent oxidation. The passivation of the tin surface is 
due to precipitation of a thin film of Sn(OH)4 which transforms to an adherent stable film of 
SnO2+H2O
[9]
. Passivation by thin hydroxide layer forming on metal surface protects the metal 
from anodic dissolution. However, oxide will itself corrode under certain conditions 
[9]
.   
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Pourbaix Diagram 
To properly understand pourbaix diagram, we must first understand the purpose of vertical 
and horizontal lines used in the diagram. Pourbaix diagram is a plot of potential versus pH used to 
predict the thermodynamic tendency of a metal to corrode in different solutions (acidic, basic or 
neutral) 
[27]
. Boundaries define transition from one stable phase to another. The vertical lines 
separate species that are in acid/alkali equilibrium while the non-vertical lines separate species at 
redox equilibrium where: (1) horizontal lines separate redox equilibrium species not involving 
hydrogen or hydroxide ions; (2) diagonal lines separate redox equilibrium species involving 
hydrogen or hydroxide ions. Redox equilibrium is where oxidation and reduction could equally 
occur and are completely reversible. The dashed lines enclose the practical region of stability of 
the aqueous solvent to oxidation or reduction (i.e. the region of interest in aqueous systems). 
Outside this region, it is the water that breaks down, not the metal 
[27]
.  
Based on previous work done by others, their pourbaix diagrams can be studied which in 
turn can aid in our understanding of the electrochemical processes that are occurring in 
potentiodynamic studies. Any point on the diagram will give the thermodynamically most stable 
(theoretically, the most abundant) form of the element for that potential and pH. (Refer to figure 
1a and 1b in Appendix A)   
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3. EXPERIMENTAL METHODS AND MATERIALS  
Bench Top Testing Methods: 
The tin electrodes were placed into individual plastic adapters, then placed on a flat block of 
agar made with 150mM (physiological) NaCl 
[24]
. Both electrodes were immersed in a 
‘conductive electrode gel’ to a standardized volume. A constant current stimulator (CX-6650, 
Rolf Schneider Electronics, Gleichen Germany and 1300A & Soterix Medical 1300A, New York, 
New York) was used to supply a direct current of 2mA for duration of 40 minutes, double the 
norm of 20 minutes for all trials. The CX-6650 current stimulator displays the current being 
applied and simultaneously displays the output potential across both cathode and anode electrodes 
in contact with the ‘conductive electrode gel’, agar and tissue/ saline solution. The 1300A current 
stimulator displays the current applied and with an external digital multimeter (FLUKE 117; 
FLUKE Corporation, Everett, WA, USA) connected in parallel, displays the output potential 
across the cathode and anode electrodes. Direct current was passed through the ‘conductive 
electrode gel’, the agar block and between the cathode and anode electrodes having an additional 
passive ‘reference’ electrode (12mm sintered Ag|AgCl). While in subsequent salt solution 
experiments, fresh pair of tin electrodes was used. Two 100mL beakers were filled with a salt 
solution (NaCl) and connected with a salt bridge (150mM NaCl in agar). Another setup was 
constructed but instead, water was used as a substitute for the sodium chloride solution. To each 
setup, 2mA of direct current was administered for a period of twenty minutes. Using the specific 
stoichiometric ratio setup, the amount of precipitate and gas produced can be calculated. 
Observations were recorded and analyzed. Refer to table 4 and 5 in the results and calculations. 
The changes in electrode potential were recorded at ten minute intervals between the cathode and 
anode electrodes, the cathode and reference electrodes and between the anode and reference 
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electrodes (data in Table 1). A digital multimeter (FLUKE 117; FLUKE Corporation, Everett, 
WA, USA) was used to record electrode potentials. The total cell potential was then a summation 
of the voltage drop across the cathode and anode electrodes, agar and ‘conductive electrode gel’ 
[12]
.   
Study Design for Skin Tolerability and Sensation Assessment: 
Direct Current Stimulation & Tin Ring Electrode Adapter   
A battery-powered current device (Soterix Medical -1300A) was used to supply a constant 
direct current of 1mA for a duration of 20 minutes for all subjects.  The device takes 30 seconds 
to ramp up to 1mA. Direct current was directed from the stimulator into the anode (positive 
electrode), through the subject’s head, into the cathode (negative electrode), and back to the 
stimulator 
[17]
.  
The tin (Sn) ring electrode (B08-HS-150, Brain Vision LLC, Morrisville, NC, USA) with 
6 mm hole, 1.50m cable and a DIN420802 connector were primarily used in this study. We 
designed a custom adapter for the tin ring electrodes which holds ∼5.5±.5ml of ‘conductive 
electrode gel’. The tin ring electrode was then coupled with a plastic/rubber adapter and held in 
place on the subject’s arm by an elastic band (refer to figure 4a & figure 4b in Appendix B). 
The total density of the ‘conductive electrode gel’ + holder + tin electrode was ~ 0.093± 
.010mA/cm
2 
(refer to figure 12a in Appendix B).  The holder was easily filled using a 10 ml 
syringe dispersing approximately 5.5ml of conductive gel into its chamber.   
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Anti-inflammatory Cream & Conductive Gel  
There were steps taken to prepare the skin prior to stimulation. First, regions of skin with 
visible irritation or cuts prior to stimulation were avoided.  Secondly, for the each session of 
stimulation, we applied ‘Kirkland Signature Maximum Strength Hydrocortisone Cream’ 1% with 
aloe five minutes prior to stimulation on the targeted area on each individuals arm. Following the 
experiment, the anti-inflammatory cream was also applied after wiping away any residue left from 
the ‘conductive electrode gel’ + tin ring electrode adapter.  These steps were essential for two 
reasons: (1) to test the effect of electrical stimulation on conditioned skin and (2) experimental 
ambiguity regarding the precise degree of abrasiveness
 [17]
. 
The conductive gel used in our assessment of the skin was “Lectron” (Lectron II, 
Pharmaceutical Innovations Inc., Newark, NJ, USA). The conductivity gel electrical conductivity 
was ~1.5±7.5
 [22]
.  
Participants & Experimental Procedure  
Seven healthy individuals (4 males and 3 females; 19- 25 years) consented and 
participated in the study which was approved by the IRB board of the City College of New York. 
During stimulation, 1mA of direct current was applied for a period of 20 minutes (30-second 
ramp up and ramp down). Participants scored pain on a 0–10 scale every minute beginning at 
1minute before (t = −1), every minute during (t = 0 to 20) and 2 minutes after stimulation (t = 21 
to 22). In addition, subjects were prompted to describe the sensations (“warmth”, “without 
sensation”, etc.). Prior to stimulation, a suitable location on the arm was selected for stimulation. 
Each participant’s arm was marked to identify the location to place the electrodes for each 
17 
 
repeated session of stimulation over a 5 day period. Furthermore, each participant indicated an 
individual termination pain score at or below eight at which stimulation would be stopped by the 
operator. In any case, each participant could withdraw from the stimulation at any point of the 
experiment. The stimulation sites for the experiments were conducted on the left forearm (distal) 
for all participants. Note that each participant received a fresh pair of tin ring electrodes on day 
one of stimulation but from day two onwards to the end of the study, the physical electrode was 
flipped daily. Being attached to the anode of the device, the physical electrode on day one was 
then exchanged and attached to the cathode of the device on day two of stimulation. The anode 
was always placed closest to the subject’s palm and the cathode electrode was the furthest away 
from the subject’s palm.  A picture prior and following stimulation was taken during each session.  
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Summary of the tin electrodes potential (including the magnitude and polarity) at the 
anode and cathode in addition to the output potential reading of the CX-6650 stimulator 
VERSES the potential across the anode and cathode measured by the FLUKE digital 
multimeter. The voltage potential difference between the cathode and anode electrodes is 
approximately 1.5 volts. Results over a 40 minute period maintained a constant total voltage. 
These electrode potential measurements recorded during this experiment indicate that there is a 
large voltage drop at the cathode electrode.                  
Calculation: VCathode + VAnode = Electrode Potential  
 
 
 
 
4. RESULTS AND CALCULATIONS  
Bench Top Testing: Results & Calculations 
 
 
 
  
 
 
 
Table 1: Electrode Potential Measurements 
Time 
Intervals 
(in 
minutes) 
Current 
Applied 
(in mA) 
Cathode & Anode 
Electrodes Potential  
(in volts)  
CX-6650   VS.     FLUKE  
Anode & Reference 
Electrodes 
(in volts) 
Cathode & 
Reference 
Electrodes 
(in volts) 
10 2 1.5      Vs.     1.47 0.43 1.06 
20 2 1.5      Vs.     1.47 0.43 1.06 
25 2 1.5      Vs.     1.47 0.43 1.06 
30 2 1.5      Vs.     1.47 0.43 1.06 
35 2 1.5      Vs.     1.47 0.43 1.06 
40 2 1.5      Vs.     1.47 0.43 1.06 
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Table 2: Chloride Solution: pH in chloride ion solution at anode and cathode during a 20 minute 
stimulation at 2mA.  
Anode pH  Cathode pH Length of Stimulation 
(minutes) 
4.91 4.99 5 
4.71 7.49 10 
4.63 9.20 20 
 
Table 3: Distilled Water: pH at anode and cathode during a 20 minute stimulation at 2mA.   
Anode pH Cathode pH Length of Stimulation 
(minutes) 
6.24 8.38 5 
5.3 8.30 10 
5.3 8.30 20 
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Electrolysis Analysis - Assumption was made that the byproduct is SnO2. 
 
Amps & Time         Coulombs          Faradays          Moles of Electrons  
Table 4: SnO2 produced at 1mA, 1.5mA and 2mA current intensities: Table shows the 
approximated amount of SnO2 produced during the allotted time at anode. 
Time (minutes) Amperes (in mA) Mass 
20 1.0 mA  ≈.47 mg 
20 1.5 mA  ≈.71mg  
20 2.0 mA  ≈.94 mg 
 
 
Table 5: H2 produced at 1mA, 1.5mA and 2mA current intensities.   
Table shows the approximation of H2 gas produced at the cathode.  
Time (minutes) Amperes (in mA) Volume of Gas 
20 1.0 mA  ≈8.36 X10
-5
 L 
20 1.5 mA  ≈1.25 X10
-4
 L  
20 2.0 mA  ≈1.67X10
-4
L 
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Results & Calculations for Skin Tolerability & Subject Sensation 
For five consecutive days of stimulation on seven healthy individuals (3 females and 4 
males; 19- 25 years), the first 5 plots display the participants pain score ratings over a 20 minute 
period. Pain scores were evaluated on a 0 –10 scale every minute beginning for every minute for 
20 minutes during stimulation (t = 0 to 20) at 1 mA intensity. Simultaneously, the change of 
voltage was being recorded and plotted. No subject asked that the stimulation be stopped at any 
point.   
Average Pain Sore 
  The average ‘Pain Sore’ data for all seven participants from the beginning of stimulation 
on day 1 and on the last day of stimulation day5 are shown below: 
 
 
 
 
 
 
 
 
Figure 13: Average ‘Pain Sore’ data; Day 1 to Day 5 
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Average Voltage 
The average ‘Voltage’ data for all seven participants from the beginning of stimulation on 
day 1 and on the last day of stimulation day5 are shown below:  
 
 
 
 
 
 
 
Figure 14: Average ‘Voltage’ data; Day 1 to Day 5 
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Figure 15: Average ‘Pain Sore’ & Voltage for Participant 1 
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Figure 16: Average ‘Pain Sore’ & Voltage for Participant 2 
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Figure 17: Average ‘Pain Sore’ & Voltage for Participant 3 
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Figure 18: Average ‘Pain Sore’ & Voltage for Participant 4 
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Figure 19: Average ‘Pain Sore’ & Voltage for Participant 5 
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Figure 20: Average ‘Pain Sore’ & Voltage for Participant 6 
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Figure 21: Average ‘Pain Sore’ & Voltage for Participant 7 
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Wilcoxon Signed-Rank Test: Skin Tolerability 
First we used the Wilcoxon signed-rank test which takes the absolute value of the 
differences between observations. It is then ranked from smallest to largest, with the smallest 
difference being a rank of 1, then next larger difference being a rank of 2, and so forth. Ties are 
given average ranks. The ranks of all differences in both directions, positive and negative, are 
summed. The smaller of these two sums is the test statistic, which is noted as W. Unlike most test 
statistics, smaller values of W are less likely under the null hypothesis. Table 9 below shows the 
results of the seven participants comparing before treatment and after treatment ended on day five.  
 
 
 
 
 
 
 
 
 
Effect of Skin Tolerability after 5 Consecutive Days on Seven Participants 
Participants 
#  
Before 
Treatment(Day1) 
After 
Treatment(Day5) 
Difference Rank of 
Difference 
Signed Rank of 
Difference 
1 0 0         x                x                        x 
2 0 0         x                x                        x 
3 0 0         x                x                        x 
4 0 7 -7 3 -3 
5 0 12 -12 4 -4 
6 0 2 -2 1 -1 
7 0 3 -3 2 -2 
    W = -10 
Table 9: Effect of Skin Tolerability after 5 Consecutive Days on Seven Participants 
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Figure 22: 
Effect of Skin 
Tolerability after 
5 Consecutive 
Days on Seven 
People: 
Measuring 
Quantity of 
Blemishes 
formed.  
 
 
 
 
 
 
 
 
 
 
 
 
Secondly, G* power statistical software was used to determine the power and sample size 
required to test the validity of the effects of a continuous 5 day stimulation using HD-tDCS. 
G*Power was created by faculty at the Institute for Experimental Psychology in Dusseldorf, 
Germany. It offers a wide variety of calculations along with graphics and protocol statement 
outputs. Based solely on visual inspection of participants’ forearms, the effect of the continuous 
stimulation was recorded after observing the presence or absence of minute spots. We used the 
priori power analysis to estimate the sample size needed to achieve a desired power of 85% at a 
given level of significance of 5%. It involved determining the sample size required for any 
specified power, alpha level and effect size. Our post hoc computed achieve power is 53%.   
Table 10 shows that a total of 15 subjects are needed in order to have an 85% power to confirm 
whether there was a significant effect pre- and post-treatment. 
32 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Power (1- Beta error 
prob.) 
Total Sample 
Size 
0.6 8.19053 
0.61 8.37062 
0.62 8.55455 
0.63 8.74254 
0.64 8.93479 
0.65 9.13157 
0.66 9.33312 
0.67 9.53974 
0.68 9.75174 
0.69 9.96945 
0.7 10.1932 
0.71 10.4235 
0.72 10.6608 
0.73 10.9055 
0.74 11.1582 
0.75 11.4195 
0.76 11.6902 
0.77 11.971 
0.78 12.2627 
0.79 12.5665 
0.8 12.8834 
0.81 13.2148 
0.82 13.5623 
0.83 13.9275 
0.84 14.3127 
0.85 14.7204 
0.86 15.1537 
0.87 15.6161 
0.88 16.1125 
0.89 16.6484 
0.9 17.2314 
0.91 17.8712 
0.92 18.5809 
0.93 19.379 
0.94 20.2921 
0.95 21.3616 
Table 10: 15 subjects 
are needed in order to 
have an 85% power to 
confirm the observed 
post treatment 
improvement from our 
initial study. 
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Paired t-test: Subject Sensation (Pain Score) 
We used a paired t-test to determine if there is any difference in pain score (sensation) 
from the beginning of the study to end of the study. We are averaging the pain score across each 
minute (a total of 20 minutes) for each subject on day 1 and day 5. Figure 23 below summarizes 
the data.  Additionally, the average pain score across all subjects on day 1 is 1.16 ± 1.38 and he 
average pain score across all subjects on day 5 is 1.35 ± 1.11. The null hypothesis cannot be 
rejected at the 5% level because the calculated p value is 0.64. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 23: Paired t-test: Subject Sensation (Pain Score) 
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Paired t-test: Subject Sensation (Voltage) 
We used a paired t-test to determine if there is any difference in voltage from the 
beginning of the study to end of the study. We are averaging the voltage across each minute (a 
total of 20 minutes) for each subject on day 1 and day 5. Figure 24 below summarizes the data. 
Additionally, the average voltage across all subjects on day 1 is 11.48 ± 2.72 and the average 
voltage across all subjects on day 5 is 10.97 ± 2.12. The null hypothesis cannot be rejected at the 
5% level because the calculated p value is 0.30. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24: Paired t-test: Subject Sensation (Voltage) 
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Figure 25: Peak ‘Pain Score’ for each participant Day 1 and Day 5 for each Participant 
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Figure 26: Peak Voltage for each participant Day 1 and Day 5 for each Participant 
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R
2
 values for Voltage v Pain Score 
To study the extent of correlation, if any, between voltage and pain score, we calculated 
the r
2
 values for each participant in the study. Based on the r
2
 values, we concluded that no 
correlation exists between the voltage and pain score and the points appear randomly on the 
coordinate plane. The table below indicates the r
2
 value for each participant between voltage and 
pain score.   
 
Participants # Calculated r
2 
value for Voltage vs. Pain Score 
1 0.015 
2 0.028 
3 0.372 
4 0.016 
5 0.014 
6 0.217 
7 0.059 
 
 
 
 
 
 
 
Participant 5 
Table 11: Calculated r
2 
values 
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5. DISCUSSION  
Electrochemical Analysis of Tin  
Starting with our preliminary bench top testing, it was found that after a period of twenty 
minutes, there was a distinctive white cloud forming in the ‘conductive electrode gel’ which was 
concentrated only around the cathode. At the same time, at the anode, clusters of air bubbles were 
forming on and around the electrode (refer to figure 3a & figure 3b in Appendix B).  This 
observation of a white cloud forming in ‘conductive electrode gel’ is unique to tin electrodes 
because in previous studies, the use of Ag|AgCl electrodes, did not display such reactions. 
Since there is a limited amount of data on tin in aqueous solution, measures have to be 
taken to deduce what tin compound is created during stimulation. Referring back to the ATSDR 
safety data sheets, located in Appendix C, there are a number of probable compounds, all of 
which are very low toxic inorganic compounds,  that could be formed during the experiment 
bench top testing: Tin(II) chloride, Tin(IV) oxide, Tin(II) fluoride, Dibutyltin dichloride, 
Triphenyltin hydroxide and Triphenyltin chloride. Table 4-1 displays the chemical identity of tin 
and tin compounds while Table 4-2 shows the chemical structure and properties. Due to the 
apparent white color of the precipitation and its insoluble nature, the possibilities can be narrowed 
down to Tin (IV) oxide.  
In subsequent chloride ion solution experiments, it was noticed in the beaker containing 
the cathode electrode that the original translucent salt solution became opaque, having a milky 
appearance. At the anode electrode, the salt solution remained translucent with only air bubbles 
rising to the surface during stimulation (refer to figure 2a in Appendix B). When the cathode 
electrode was removed from the beaker, it was observed that the physical appearance of the 
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electrode surface remained unchanged, maintaining its original shine after twenty minutes of 
stimulation. However, when the anode electrode was removed from the beaker, the electrode 
surface appeared to be coated by a thin film. Although it took a longer time to obtain adequate 
results using the distilled water, after 40 minutes, the results were proven to be the same as with 
the chloride ion solution.  
Other researchers have stated that pH and voltage can help determine the likelihood of a 
certain compound formation 
[1,8,14]
. The Pourbaix diagram is very useful in this case where it 
describes the electrochemical behavior of compounds as a function of pH and potential values. In 
this study, the anodic pH levels in the chloride ion solution ranged from 4.6-4.9 over a 20 minute 
time frame, while the anodic voltage was recorded at 0.43 V. Using this information along with 
the Pourbaix diagram in figure 1a, it can be concluded that the substance produced was SnO2, Tin 
(IV) Oxide. In the case of distilled water, the anodic pH ranged from 5.3-6.2. With the previously 
recorded voltage and the pH and reviewing figure 1b, the most probable precipitation is again 
SnO2.  
Therefore, it can be concluded that at the cathode water molecule gains two electrons to 
produce hydrogen gas and the hydroxide ion.  
Cathode: 4H2O+4e
-
 2H2 (g) + 4OH
-
 
At the anode, the oxygen molecule loses two electrons and combines with the solid tin (Sn) to 
form the highly probable precipitate tin dioxide (SnO2).  
Anode: Sn(s) + 2H2O  SnO2 (aq) + 2H2 (ion) + 4e
—
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Skin Tolerability and Safety Protocol  
Skin burns and the prevention of skin irritations have recently been reported in treatment 
trials of tDCS. A prior study was conducted on people suffering from depression and involved 
multiple stimulation sessions. They utilized sponge electrodes (7 X 5 cm, 35 cm
2
)
 [23]
 when 
repeatedly stimulating the scalp site.  While other researchers have provided guidance on safety 
issues in tDCS technique
 [33]
 using larger electrodes, we are providing guidelines and safety 
protocols for HD-tDCS, utilizing smaller electrodes, which has not been previously addressed.  
The tin ring electrode coupled with a plastic adapter has a surface area (electrode size) of 10.8 
cm
2
, significantly smaller than those that have been evaluated in previous experiments that did not 
study the effects of HD-tDCS. HD-tDCS technique is used to increase the focality of tDCS by 
passing current across the scalp using small electrodes (<12 mm diameter) 
[20]
. With smaller 
electrodes size, the current density is larger. Research has revealed for humans, that larger current 
densities result in stronger effects of tDCS.
 [20]   
In order to develop safety guidance protocol for 
HD-tDCS for the use of smaller electrodes in humans, such as the tin ring electrodes, we 
constructed certain parameters throughout the experiment to achieve minimal skin damage: 1mA 
current strength and direct current, an estimated electrode size of 10.8 cm
2
, and stimulation 
duration time of 20 minutes (30-second ramp up and ramp down) on 5 day per week during a 1 
week. 
A diverse population of individuals was selected for the skin tolerability and safety 
protocol testing. Four of the seven participants were male and the remainder three participants 
were female. Additionally, they span a wide spectrum of ethnic backgrounds, ranging from Black, 
Caucasian to South Asian. Furthermore, all of the participants in the study showed no signs of 
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irritated skin before the 5 day stimulation study.  Based solely on just visual inspection of 
participants, forearms from day to day were observed and documented. We were highly 
concerned about skin irritation that is likely to occur after 24 hrs after stimulation under the anode 
electrode. This conclusion was based on what we have seen in our pilot studies. We hypothesized 
that post 24 hrs, skin irritations are minute electrical burns. One source of skin irritation is due to 
electrical burns caused when current passes through the body or part of the body 
[2, 3, 17]
. For that 
reason, symptoms and severity of the burn depends on the strength of the electrical current, the 
duration of the exposure and the part of the body involved 
[2, 3, 17]
. In our case of consecutive 
stimulation sessions, we were inducing 'micro-burns' by stimulating the same location over and 
over again.  Consequently, we proposed that application of ‘anti-inflammatory’ cream prior and 
after stimulation at the stimulated region will combat the minor burns produced by repeated 
stimulation on the same location from HD-tDCS. The combination of topical creams and tDCS 
has been used previous studies. Researchers have shown that application of a topical anesthetic 
cream reduces pain and discomfort associated with tDCS. A recent study entitled ‘Reducing 
Procedural Pain and Discomfort Associated with Transcranial Direct Current Stimulation’ 
investigated the effect of topically applied Eutectic Mixture of Local Anesthetics (EMLA) on 
tDCS-related discomfort.  They concluded that topical EMLA may reduce tDCS-related 
discomfort. They pretreated the skin for 20 minutes with anesthetic cream to reduce pain and 
uneasiness associated with tDCS.  
Therefore, treating the skin prior and directly after stimulation will help to thwart skin 
damage and the formation of blisters. The anti-inflammatory cream we chose to use is the 
‘Kirkland Signature Maximum Strength Hydrocortisone cream 1% with aloe’. Hydrocortisone is a 
well recognized and medically used cream to combat skin inflammation as well as treating dry 
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skin, rashes, skin irritation, eczema & psoriasis, and redness
.
   Stimulation was never stopped 
prior to 20 minutes of exposure. The pre-and-post treatment of hydrocortisone to simulated 
regions resulted in no painful swelling (blisters) on the participants’ forearms and more 
importantly, no skin lesions after 5 days of stimulation. All participants showed localized redness, 
which was mild in severity on the skin under the cathode electrode but disappeared within an 
hour.  Skin under the anode did not show any localized redness as compared to the cathode, 
however, there were minimal skin blemishes in the form of tiny brown dot-shaped crust occurring 
after 5 days of HD-tDCS on most of the participants.  Three of the seven participants did not have 
any blemishes after the fifth day of stimulation. Two other participants had 2-3 tiny spots on their 
forearm while the remaining two participants had more than 3 blemishes on their arm. Therefore, 
treating the skin prior and directly after stimulation had effect because the ranks associated with 
the positive changes should are not similar to the ranks associated with the negative changes. If 
the ranks were in fact similar the W value should be zero but in this study, it was -10.  
Additionally, the mean number of dots across subjects on day 5 is 3.43 ± 4.5. The null hypothesis 
cannot be rejected at the 5% level because the calculated p value is 0.1250.    
G* power statistical software was used to determine the power and sample size required to 
test the validity of the effects of a continuous 5 day stimulation using HD-tDCS.  Our post hoc 
computed achieve power is 53%.   A total of 15 subjects are needed in order to have an 85% 
power to confirm whether there was a significant effect pre- and post-treatment.  
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6. CONCLUSIONS AND FUTURE WORK 
It was concluded that at the cathode water molecule gains two electrons to produce 
hydrogen gas and the hydroxide ion. Cathode: 4H2O+4e
-
 2H2 (g) + 4OH
- 
At the anode, the 
oxygen molecule loses two electrons and combines with the solid tin (Sn) to form the highly 
probable precipitate tin dioxide (SnO2). Anode: Sn(s) + 2H2O  SnO2 (aq) + 2H2 (ion) + 4e
—
.
 
Additionally it has been found that humans are exposed to SnO2 because of its presence in nature. 
It is used in metallic dental restorations and as a polishing agent for glass, metal and wood 
[9]
. 
Additionally, according to the Food and Agriculture Organization and the World Health 
Organization, the limit for tin oxides found in the air is 2 mg/m
3
 while there is no reasonable data 
available for tin oxides in water. No specific levels were seen for tin oxides in canned food items. 
The amount of precipitant produced during twenty minute stimulations at 2mA was less than 1 
mg. Consequently electrochemical products are not issues as long as the ‘conductive electrode 
gel’ that the electrode is in "buffers" the skin from any chemical reactions. Along with the 
planned protocol, there should be little to no contact between the skin and formed precipitate 
since it is only found around the circumference of the tin ring electrode and doesn’t penetrate 
downwards into the ‘conductive electrode gel’. 
Two important observations arose from our piloting of HD- tDCS technique: (1) the 
amount of small dot-shaped blemishes can be reduced by allowing the time for the anti-
inflammatory cream to absorb thoroughly into the skin (2) There seems to be no correlation 
between the change in voltage and pain scores ratings for each participant.  When it comes to the 
HD-tDCS-related skin irritations, applying the anti-inflammatory cream may reduce the 
likelihood of the development of said irritations. Looking into the future, it behooves us to 
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speculate whether we can conduct a typical 3- week clinical depression study using HD-tDCS to 
cause stimulation for 5 sessions per week. In forthcoming studies, it would be worthwhile to 
explore how we can increase the current to 2mA for duration of 20 minutes without causing skin 
damage. Breakthroughs in these areas will allow researchers to create better treatment options for 
patients suffering from an array of disorders. 
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Appendix A: Pourbaix diagrams 
Pourbaix diagrams below are plots of the potential (E) versus pH used to predict give the 
thermodynamically most stable (theoretically, the most abundant) form of Tin. 
 
Figure 1a: Potential vs pH 
diagram for Tin (Sn) in a 
NaCl solution 
[8] 
 
 
 
 
 
 
 
Figure 1b: Potential vs pH 
diagram for Tin (Sn) in 
distilled water 
[9]
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Appendix B: Experiential Setup, Skin Tolerability Before& After and Adapter Drawing File 
Images 
 
 
 
 
 
 
Figure 2a & 2b: (1) the beaker on the left contained the anode electrode, the salt solution 
remained translucent (2) the beaker on the right contained the cathode electrode; salt solution 
became opaque. Figure 2b on the right: Salt Bridge Set Up  
 
 
 
 
 
 
Figure 3a: Air bubbles at the anode electrode      Figure 3b: White cloud at the cathode electrode 
 
 
 
 
 
 
Figure 4a & 4b: Skin Tolerability & Subject Sensation                                                                   
 Figure 5 - Figures 11 are before and after shots for all seven participants after 5 
days of stimulation.  
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Participant 1 
Before Stimulation After 5 consecutive days of stimulation 
@1ma for 20 minutes 
Before Stimulation After 5 consecutive days of stimulation @1ma 
for 20 minutes 
Participant 2 
Figure 5 
Figure 6 
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Before Stimulation 
Before Stimulation 
After 5 consecutive days of stimulation 
@1ma for 20 minutes 
After 5 consecutive days of stimulation 
@1ma for 20 minutes 
Participant 3 
Participant 4 
Figure 7 
Figure 8 
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Before Stimulation After 5 consecutive days of stimulation 
@1ma for 20 minutes 
Figure 9 Participant 5 
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Before Stimulation 
Before Stimulation 
After 5 consecutive days of stimulation 
@1ma for 20 minutes 
After 5 consecutive days of stimulation 
@1ma for 20 minutes 
Figure 10 
Figure 11 Participant 7 
Participant 6 
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Figure12a: Drawing File Plastic Adapter 
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Figure12b: Drawing File Plastic Cap 
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Appendix C: Tin and Tin Compound Tables 
Table 4-1.  Chemical Identity of Tin and Tin Compounds
[29]
 
 
 
Characteristic Tin Tin(II) chloride Tin(IV) oxide 
Synonyms Metallic tin; silver 
matt 
Stannous chloride; tin Stannic oxide; tin 
oxide; powder; tin flake dichloride; tin protochloride stannic anhydride 
Trade name No data No data No data 
Chemical formula Sn SnCl2 SnO2 
Chemical structure Sn SnCl2 SnO2 
Identification numbers:  
CAS registry 7440-31-5 7772-99-8 18282-10-5 
NIOSH RTECS XP7320000b XP8700000b XQ4000000b 
EPA hazardous No data No data No data 
waste  
DOT/UN/NA/ 
IMCO 
No data No data No data 
shipping  
HSDB 5035 582 5064 
NCI No data C02722 No data 
EINECS 231-141-8 231-868-0 242-159-0 
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Log Koc 
Vapor pressure   
No data 
8x10
-3  
mm Hg at 
1,224 °C 
No data 
25 mm Hg at 
427.9 °C 
No data 
No data 
No data 
No data 
Henry’s law constant No data No data No data No data 
Autoignition 
temperature 
No data No data No data No data 
Flashpoint No data No data No data No data 
Flammability limits No data No data No data No data 
Explosive limits No data No data No data No data 
 
 
 
Table 4-2.  Physical and Chemical Properties of Tin and Tin Compounds
[29]
 
 
 
Property Tin   Tin(II) chloride Tin(IV) oxide Tin(II) fluoride 
Molecular weight 118.69  189.60 150.71 156.71 
Color Silver-white  White White White 
Physical state Solid  Solid Solid Solid 
Melting point 231.9 °C  246 °C 1,630 °C 213 °C 
Boiling point 2,507 °C  623 °C Sublimes 1,800– 
1,900 °C 
850 °C 
Density (g/cm3) 7.265 (white tin) 
5.769 (gray tin) 
3.90 6.95 4.57 at 25 °C 
Odor Odorless Odorless No data No data 
Odor threshold:     
Water No data No data No data No data 
Air No data No data No data No data 
Solubility:      
Water Insoluble  90 g/100 g water at Insoluble 
20 °C 
30–39% in water at 
20 °C 
Other solvents Soluble in Very soluble in Insoluble in alcohol,  Practically 
insoluble 
hydrochloric acid, hydrochloric acid; cold acids; slowly in ethanol, 
ether, sulfuric acid, aqua   soluble in alcohol, soluble in hot
 and chloroform regia, alkali, slightly ethyl acetate,
 concentrated 
soluble in dilute glacial acetic acid,   potassium or 
sodium nitric acid sodium hydroxide hydroxide solution 
solutio
n 
Partition coefficients: 
Log octanol/water No data No data No data No data 
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Table 8.  Regulations and Guidelines Applicable to Tin and Tin Compounds
[29]
 
 
Agency Description Information Reference  
INTERNATION
AL     
Guidelines:     
IARC Carcinogenicity classification No data   
WHO Drinking water guideline 
No numerical value 
based WHO 1993  
 
Tin and inorganic tin 
compounds on low toxicity   
NATIONAL     
Regulations and Guidelines:    
a.  Air:     
ACGIH TLV (8-hour TWA)  ACGIH 2003  
 Tin (as Sn) 
2.0 mg/m
3
 
  
 Metal   
 Oxide and inorganic compounds, 2.0 mg/m
3
   
 except tin hydride    
 Organic compounds
a
 0.1 mg/m
3
   
 STEL 0.2 mg/m
3
   
NIOSH REL (10-hour TWA)  
NIOSH 2003a, 
2003b  
 Tin (as Sn) 
2.0 mg/m
3
 
  
 
Inorganic compounds, 
except tin   
 oxides 
100 mg/m
3
 
  
 IDLH   
 Organic compounds, except 0.1 mg/m
3
   
 cyhexatin
b
 
25 mg/m
3
 
  
 IDLH   
 Stannous oxide 2.0 mg/m
3
   
OSHA 
PEL (8-hour TWA) for 
general  OSHA 2003a  
 industry  29 CFR 1910.1000,  
 Tin (as Sn) 
2.0 mg/m
3
 
Table Z-1  
 Inorganic compounds, except   
 oxides 
0.1 mg/m
3
 
  
 Organic compounds   
 PEL (8-hour TWA) for  OSHA 2003c  
 construction industry  29 CFR 1926.55,  
 Tin (as Sn) 
2.0 mg/m
3
 
Appendix A  
 Inorganic compounds, except   
 oxides 
0.1 mg/m
3
 
  
 Organic compounds   
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